Glucose metabolism stimulates cell division control protein 42 homolog (Cdc42)-p21-activated kinase (Pak1) activity and initiates filamentous actin (F-actin) cytoskeleton remodeling in pancreatic b-cells so that cytoplasmic secretory granules can translocate to the plasma membrane where insulin exocytosis occurs. Since glucose metabolism also generates cAMP in b-cells, the cross talk of cAMP signaling with Cdc42-Pak1 activation might be of fundamental importance to glucose-stimulated insulin secretion (GSIS). Previously, the type-2 isoform of cAMPregulated guanine nucleotide exchange factor 2 (Epac2) was established to mediate a potentiation of GSIS by cAMP-elevating agents. Here we report that nondiabetic human islets and INS-1 832/13 b-cells treated with the selective Epac activator 8-pCPT-29-O-Me-cAMP-AM exhibited Cdc42-Pak1 activation at 1 mmol/L glucose and that the magnitude of this effect was equivalent to that which was measured during stimulation with 20 mmol/L glucose in the absence of 8-pCPT-29-O-MecAMP-AM. Conversely, the cAMP antagonist Rp-8-BrcAMPS-pAB prevented glucose-stimulated Cdc42-Pak1 activation, thereby blocking GSIS while also increasing cellular F-actin content. Although islets from donors with type 2 diabetes had profound defects in glucose-stimulated Cdc42-Pak1 activation and insulin secretion, these defects were rescued by the Epac activator so that GSIS was restored. Collectively, these findings indicate an unexpected role for cAMP as a permissive or direct metabolic coupling factor in support of GSIS that is Epac2 and Cdc42-Pak1 regulated.
Type 2 diabetes (T2D) is associated with defects of glucosestimulated insulin secretion (GSIS) in which pancreatic b-cells fail to compensate for peripheral insulin resistance so that hyperglycemia ensues (1) . GSIS is complex and requires the concerted actions of multiple cellular processes, including plasma membrane glucose transport, conversion of glucose to glucose-6-phosphate, and glycolytic or mitochondrial metabolism that generates key ionic (Ca 2+ ) and metabolic coupling factors (ATP, glutamate, NADPH, monoacylglycerol) (2) . In vitro studies of the human b-cell response to a stepwise increase of glucose concentration reveal that insulin secretion is biphasic (3, 4) . A firstphase of GSIS results from exocytosis of a readily releasable pool of secretory granules prepositioned at the plasma membrane (3, 4) . A subsequent second-phase of GSIS involves active translocation of a reserve pool of secretory granules from the cytoplasm to the plasma membrane (3, 4) . Secretory granule translocation requires actin cytoskeletal remodeling, and defects in this remodeling might explain, at least in part, the insulin secretory defect that is characteristic of T2D (5) (6) (7) .
During the second phase of GSIS, there occurs sequential activation of cell division control protein 42 homolog (Cdc42; a Rho family GTPase) and its downstream effector, the p21-activated kinase (Pak1; a Ser/Thr protein kinase) (5) (6) (7) . This pathway leads to the remodeling of a cortical filamentous actin (F-actin) network that exists immediately beneath the plasma membrane (8) . During the fasting state when levels of blood glucose are low, cortical F-actin restricts the access of secretory granules to their release sites. However, in response to a postprandial increase of blood glucose, localized cortical F-actin remodeling enables secretory granules to translocate to the plasma membrane for second-phase GSIS (5) (6) (7) . It is generally accepted that b-cell glucose metabolism is the primary stimulus for Cdc42-Pak1-induced F-actin remodeling and that a key biochemical event is the association of Cdc42 with Cool-1/bPix, a guanine nucleotide exchange factor (GEF) that converts inactive Cdc42-guanosine 59-diphosphate (GDP) to active Cdc42-guanosine 59-triphosphate (GTP) (9) . Islets from individuals with T2D are 80% deficient in Pak1 protein expression when compared with islets of individuals without diabetes (6), yet it is still uncertain whether Pak1 activation by Cdc42 is altered in the context of T2D.
It is increasingly apparent that the second messenger cAMP participates in the process of GSIS and that insulin exocytosis is under the control of cAMP-dependent protein kinase (PKA; a Ser/Thr protein kinase) and also cAMPregulated GEFs (Epacs) (10, 11) . The conventional view is that agonist binding to G-protein-coupled receptors (GPCRs) leads to cAMP production that is catalyzed by transmembrane adenylyl cyclases (tmACs). In fact, GSIS is strongly potentiated by the cAMP-elevating hormone glucagon-like peptide 1 (GLP-1) acting at its GPCR expressed on b-cells (10, 11) . However, there is additional evidence that glucose metabolism per se in b-cells also stimulates cAMP production by virtue of its stimulatory effects at tmACs and possibly soluble adenylyl cyclase (sAC) (12, 13 ). Here we investigated potential "cross talk" among glucose metabolism, cAMP signaling, and Cdc42-Pak1 activation as it pertains to cytoskeletal remodeling and insulin secretion from human islets and rat INS-1 832/13 cells. The impact of the selective Epac activator 8-(4-chlorophenylthio)-29-O-methyladenosine-39,59-cyclic monophosphate, acetoxymethyl ester (8-pCPT-29-O-Me-cAMP-AM) (14) was compared with that of a novel cAMP antagonist (8-bromoadenosine-39,59-cyclic monophosphorothioate, Rp-isomer, 4-acetoxybenzyl ester [Rp-8-Br-cAMPS-pAB]) (15) , while also evaluating the action of a specific inhibitor of sAC (6-chloro-N4-cyclopropyl-N4-((thiophen-3-yl)methyl) pyrimidine-2,4-diamine; also known as LRE1) (16) . Remarkably, 8-pCPT-29-O-Me-cAMP-AM activated Cdc42 and Pak1 in nondiabetic human islets and INS-1 832/13 cells, while also restoring Cdc42-Pak1 activation and GSIS from T2D human islets. Thus, cAMP and Epac are key determinants of proper b-cell function in the context of T2D.
RESEARCH DESIGN AND METHODS

Materials
The G-LISA Cdc42 Activation Assay Biochem Kit (catalog #BK127) and the Cdc42 Pull-Down Activation Assay Biochem Kit (catalog #BK034) were purchased from Cytoskeleton, Inc. (Denver, CO Cell lysates were added to individual wells of a 96-well plate so that active Cdc42-GTP would be immobilized by immunoaffinity to the bottom surface of each well. Washing steps removed inactive Cdc42-GDP so that Cdc42-GTP remaining in each well could be detected using an antiCdc42 antibody in combination with a secondary antibody conjugated to horseradish peroxidase (HRP). Oxidation of an added substrate was monitored so that the reaction product could be quantified using a BioTek Synergy HTX Multi-Mode Plate Reader.
Pak1 Activation Assay
The phosphorylation status of Pak1 was determined by SDS-PAGE in combination with Western blot analysis. For detection of active Pak1, the assay used a 1:1,000 dilution of the #2601 rabbit polyclonal antibody that is described in the MATERIALS section (detects phospho-Pak1 or Pak2 at ;68 and 58 kDa, respectively). As a control for equivalent protein loading in individual wells of the polyacrylamide gel, the content of b-actin was detected using a mouse monoclonal antibody. Goat anti-rabbit (1:3,000) or goat anti-mouse (1:10,000) HRP-conjugated secondary antibodies were used for enhanced chemiluminescence (ECL) detection using a ChemiDoc XRS+ imaging system and an ECL/Prime Kit.
Determination of Globular Actin and Filamentous Actin Content
The globular actin (G-actin) and filamentous actin (F-actin) content was quantified using a G-Actin/F-Actin In Vivo Assay Biochem Kit (catalog #BK037; Cytoskeleton, Inc.). Briefly, cells were treated with the 0.1% DMSO vehicle control, 4-Abn-OH, or Rp-8-Br-cAMPS-pAB test solutions in the absence or presence of low (1 mmol/L) or high (20 mmol/L) concentrations of glucose. Cells were then lysed in LAS2 buffer (pH 6.9) to disrupt the cell membrane, while at the same time stabilizing and maintaining the G and F forms of actin. After centrifugation of the lysate (350g, 23°C, 5 min), the supernatant fraction was further centrifuged at 100,000g to separate F-actin (pellet) from soluble G-actin (supernatant). F-actin and G-actin were resolved by 10% SDS-PAGE and transferred to ImmunBlot PVDF Membrane for Western blot analysis using a 1:5,000 dilution of a primary anti-actin rabbit polyclonal antibody (provided in the kit) in combination with an HRP-conjugated secondary antibody (1:10,000). Proteins were detected by ECL.
Statistics
The reproducibility of findings was confirmed by performing each experiment two to five times. Data in Fig. 1 were evaluated for statistical significance by Student t test. For all subsequent figures, ANOVA/Bonferroni post hoc tests were used. P , 0.05 was considered to be statistically significant.
RESULTS
Cdc42-Pak1 Activation Is Defective in T2D Human Islets
Pak1 protein levels are 80% lower in islets from individuals with T2D compared with those from individuals who do not have diabetes (6) . In addition, skeletal muscle from individuals with T2D is defective in stimulus-induced Pak1 activation events (e.g., Pak1-Thr 423 phosphorylation) (18) . Consistent with these prior findings, glucose-induced Pak1 phosphorylation in islets from humans with T2D was defective ( Fig. 1A) , as evaluated by using an anti-phospho-Pak antibody commonly used to detect phospho-Pak1 or Pak2 at ;68 and 58 kDa, respectively, in islet b-cells (6-8). Pak1 in b-cells is activated upon the glucose-induced GTP loading of Cdc42 (5-7). Therefore, we assessed the activation of Cdc42 in islets from humans with T2D, using the highsensitivity G-LISA method that is ideal for islets from humans with T2D, given their limited supply. This approach yielded results comparable to classic bead-based pull-down assays in studies of INS-1 832/13 cells ( Supplementary Fig.  1 ). Cdc42 protein levels were similar in islets from humans with T2D and those without T2D (Fig. 1B) . Although glucose stimulated Cdc42 activation was blunted in islets from humans with T2D ( Fig. 1C) , islets from humans without T2D were previously reported to show a 1.5-to 2.0-fold elevation in Cdc42 activation after exposure to glucose (7). We next examined a potential role for cAMP in Cdc42-Pak1 activation. It is already established that GLP-1 receptor agonists restore GSIS in patients with T2D (19, 20) , which is largely attributed to cAMP generation in b-cells (21) . However, since the experiments reported here were performed in the absence of GLP-1, and since glucose metabolism alone also increases levels of cAMP in b-cells (22-25), we hypothesized that a nonconventional cAMP signaling mechanism that operates independently of GPCRs might also be exploited to restore insulin release in individuals with T2D. As a first test of this hypothesis, we used the selective Epac activator 8-pCPT-29-O-Me-cAM-P-AM ( Supplementary Fig. 2 ), a prodrug with high membrane permeability that undergoes bioactivation catalyzed by cytosolic esterases (26) ) was normalized to total Pak1 (t-Pak1) protein content by Western blot analysis. Densitometry analysis of n = 3 independent experiments, shown as the mean 6 SEM; *P , 0.05 vs. 1 mmol/L glucose concentration. B: Cdc42 expression from islets from humans without diabetes (ND) (n = 5) or islets from humans with T2D (n = 5). Densitometry analysis of n = 5 independent experiments, shown as the mean 6 SEM; black vertical dashed lines indicate the splicing of lanes from within the same gel exposure. C: T2D islets incubated either in the presence of low (1 mmol/L) or high (20 mmol/L) glucose for 2 min prior to their lysis. Cdc42-GTP was quantified by the G-LISA method. Data represent the mean 6 SEM from n = 3 independent experiments. P . 0.05. N.S., not significant.
expected DFRET (Supplementary Fig. 3 ). However, PO 4 -AM 3 , a negative control phosphate tris(acetoxymethyl) ester that lacks the cyclic nucleotide moiety (26) , was ineffective ( Supplementary Fig. 3 ).
Having established that 8-pCPT-29-O-Me-cAMP-AM is bioactivated in INS-1 832/13 cells, we evaluated its ability to activate Cdc42. Within 2 min after its addition, 8-pCPT-29-O-Me-cAMP-AM (10 mmol/L) increased levels of active Cdc42-GTP. However, Cdc42 was not activated by PO 4 -AM 3 or the vehicle solution (0.1% DMSO) ( Fig. 2A) . Cdc42 activation was transient, reverting to basal levels within 5 min of glucose stimulation. Of particular interest, 8-pCPT-29-O-Me-cAMP-AM activated Cdc42 at low glucose concentration (1 mmol/L), with a magnitude of effect nearly identical to that measured in response to stimulatory glucose (20 mmol/L) alone. Levels of Cdc42-GTP were higher at 1 mmol/L glucose in the presence of the Epac activator, possibly due to the ability of 8-pCPT-29-O-MecAMP-AM to activate Epac independently of a stimulatory concentration of glucose, and in turn, to cause Cdc42 activation at basal glucose (1 mmol/L). Furthermore, the combination of 20 mmol/L glucose plus 8-pCPT-29-O-MecAMP-AM had a substantial additive effect on Cdc42 activation ( Fig. 2A) . These data suggest the following (Fig.  2B and C) . However, increased Pak1 phosphorylation was not significantly increased for cells treated with PO 4 -AM 3 or vehicle solution when averaging the outcomes of multiple experiments ( Fig. 2B and C) . Although 8-pCPT-29-O-MecAMP-AM alone increased the levels of phosphorylated Pak1, it is important to note that at these early time points the magnitude of Cdc42 activation ( Fig. 2A) was not exactly proportional to the magnitude of Pak1 phosphorylation ( Fig. 2B and C) . This is understandable since Cdc42-GTP had cycled back to inactive Cdc42-GDP within 5 min of glucose stimulation ( Fig. 2A) , whereas phosphorylated Pak1 continued to accumulate. Finally, we used the selective PKA activator prodrug 6-Bnz-cAMP-AM (N 6 -benzoyladenosine-39,59-cyclic monophosphate, acetoxymethyl ester) (26) to investigate a potential role for PKA in Cdc42 activation. Although glucose (20 mmol/L) increased the levels of Cdc42 within 2 min after its addition, 6-Bnz-cAMP-AM failed to augment this effect despite the fact that it potentiated GSIS ( Fig. 2D and E) .
Rp-8-Br-cAMPS-pAB, a Potent cAMP Antagonist, Inhibits GSIS Rp-8-Br-cAMPS-pAB ( Supplementary Fig. 2 ) is a membranepermeable pAB ester that undergoes bioactivation catalyzed by cytosolic esterases (15) and liberates free Rp-8-Br-cAMPS that acts as a cAMP antagonist through direct binding to PKA or Epac (15) . Rp-8-Br-cAMPS-pAB is a cAMP antagonist in INS-1 832/13 cells, as demonstrated in FRET assays using cells virally transduced with an A-kinase activity reporter (AKAR3) that undergoes an increase in its 535:485 nm FRET ratio in response to PKA phosphorylation ( Supplementary Figs. 4 and 5) (28,29) . These assays demonstrated the ability of Rp-8-Br-cAMPSpAB to dose-dependently block the DFRET measured in response to the cAMP-elevating agent forskolin (Supplementary Fig. 4) .
We next performed side-by-side comparisons of GSIS in static incubation assays using INS-1 832/13 cell monolayers treated with Rp-8-Br-cAMPS-pAB (10 mmol/L) or the negative control 4-acetoxybenzyl alcohol (4-Abn-OH) (10 mmol/L). As previously reported (15) , both compounds generate the side products acetic acid and 4-hydroxybenzyl alcohol when they are hydrolyzed by cytosolic esterases, yet only Rp-8-Br-cAMPS-pAB liberates free Rp-8-Br-cAMPS. It was established that Rp-8-Br-cAMPS-pAB strongly suppressed GSIS, whereas 4-Abn-OH did not (Fig. 3A) .
We also performed perifusion assays to monitor the kinetics of insulin secretion from pseudoislets prepared from clusters of INS-1 832/13 cells (Supplementary Fig. 6 ). For pseudoislets treated with 4-Abn-OH (10 mmol/L), GSIS was measured as a transient first phase that lasted 7.5 min, followed by a sustained second phase during the continual 10-to 38-min exposure to stimulatory glucose (16.7 mmol/L) (Fig. 3B) . Importantly, Rp-8-BrcAMPS-pAB (10 mmol/L) reduced the magnitudes of first-and second-phase GSIS under these conditions of perifusion (Fig. 3B) . Thus, Rp-8-Br-cAMPS-pAB acted as a cAMP antagonist to suppress GSIS. were tested for their abilities to alter GSIS in 30-min static incubation assays using INS-1 832/13 cell monolayers (A) or in perifusion assays using pseudoislets (B). Rp-8-Br-cAMPS-pAB and 4-Abn-OH were each dissolved in a KRBH vehicle solution containing 0.1% DMSO and either low or high concentrations of glucose (1 G, 1 mmol/L glucose; 16.7 G, 16.7 mmol/L glucose). Data points for A indicate the mean 6 SEM for n = 3 independent experiments; *P , 0.05 vs. 1 mmol/L glucose in the presence of the vehicle or 4-Abn-OH; **P , 0.05 vs. 20 mmol/L glucose in the presence of the vehicle. Data points for B indicate the mean 6 SEM for n = 3 independent experiments. Values of secreted insulin were normalized relative to the total cellular protein content. N.S., not significant. mice exhibit dysregulated glucose homeostasis and reduced pancreatic insulin secretion (32), we evaluated a role for sAC in GSIS using the new sAC inhibitor LRE1 (16) . The capacity of LRE1 to inhibit sAC was validated in AKAR3 FRET assays that used HEK293 cells stably transfected with recombinant sAC ( Supplementary  Fig. 7 ). However, LRE1 (50 mmol/L) failed to suppress 16.7 mmol/L GSIS from perifused human islets and INS-1 832/13 pseudoislets (Fig. 4A and B) . Static incubation assays using INS-1 832/13 cell monoloayers further established that 5 or 10 mmol/L LRE1 failed to suppress GSIS under conditions of low (1 mmol/L) or high (20 mmol/L) glucose concentration (Fig. 4C) .
When tested at 50 mmol/L under conditions of static incubation, LRE1 paradoxically increased both basal and stimulated insulin secretion compared with control (Fig.  4C) . However, the stimulation index (stimulated/basal) was reduced overall (Fig. 4C) . Since basal insulin secretion from perifused INS-1 832/13 pseudoislets or human islets ( Fig. 4A and B) was unaffected by 50 mmol/L LRE1, it seems likely that the static incubation assay may favor an off-target sAC-independent effect of LRE1. For example, LRE1 metabolites might accumulate intracellularly, thereby influencing insulin secretion. Collectively, these data indicate that under the experimental conditions reported here, sAC activity was not an essential factor for GSIS. However, an important caveat to this interpretation is that the exact identity of the sAC isoform expressed in b-cells has yet to be established, nor is it certain that this unknown isoform is LRE1 sensitive (see DISCUSSION) .
Rp-8-Br-cAMPS-pAB Blocks Glucose-Stimulated Cdc42 Activation
We next evaluated the potential ability of Rp-8-Br-cAMPSpAB to block glucose-stimulated Cdc42 activation in islets from humans without diabetes. It was determined that 20 mmol/L glucose stimulated a significant increase of active Cdc42-GTP within 2 min of its addition (Fig. 5A) . In contrast, Rp-8-Br-cAMPS-pAB (10 mmol/L) blocked glucose-stimulated Cdc42 activation, whereas 4-Abn-OH (negative control) did not alter the response to glucose (Fig. 5A) . Similar findings were obtained using INS-1 832/ 13 b-cells (Fig. 5B) . These findings obtained in the G-LISA assay were independently confirmed by use of a proteinprotein interaction pull-down assay to detect Cdc42-GTP by Western blot analysis using cell lysates ( Supplementary  Fig. 1 ). Thus, these findings indicate that glucose-stimulated Cdc42 activation in human islets and INS-1 832/13 cells is cAMP dependent.
Rp-8-Br-cAMPS-pAB Blocks Glucose-Stimulated Pak1 Phosphorylation
Pak1 phosphorylation was stimulated by exposure of human islets or INS-1 832/13 cells to 20 mmol/L glucose, and this action of glucose was abrogated by exposure to 10 mmol/L Rp-8-Br-cAMPS-pAB ( Fig. 6A and B for human islets; Fig. 6C and D for INS-1 832/13 cells). Occasionally, we observed decreased basal levels of phospho-Pak1 for INS-1 832/13 cells treated with Rp-8-Br-cAMPS-pAB, compared with vehicle alone (Fig. 6C and D) . However, this was not significant when results were averaged across multiple experiments (Fig. 6D) . Although the anti-phospho-Pak1 antibody also detected phosphorylated Pak2, the phosphoPak2 signal was constitutively present, and it was unaltered by Rp-8-Br-cAMPS-pAB. Note that 4-Abn-OH (10 mmol/L) failed to reproduce the inhibitory action of Rp-8-BrcAMPS-pAB.
Rp-8-Br-cAMPS-pAB Increases F-Actin Content in INS-1 832/13 Cells
To determine whether generalized remodeling of actin is under the control of cAMP, we quantified the relative amounts of G-actin and F-actin in lysates from INS-1 832/13 cells treated with Rp-8-Br-cAMPS-pAB. As a positive control for the sensitivity of this assay, cells were treated with the F-actin-stabilizing agent phalloidin (33) , which increased the F-actin content to 80% of total actin (Fig. 7) . The relative amounts of G-and F-actin in wholecell lysates were unchanged in cells treated with a low (1 mmol/L) versus high (20 mmol/L) glucose concentration (Fig. 7) . This finding is expected if F-actin remodeling is localized to the cortical region of b-cells, so that such an effect is not measurable using whole-cell lysates. Notably, cells treated with Rp-8-Br-cAMPS-pAB showed significantly increased F-actin levels, regardless of the presence of either 1 or 20 mmol/L glucose (Fig. 7) . These findings suggest that Rp-8-Br-cAMPS-pAB exerts an F-actin-stabilizing effect. Because the stabilization of F-actin in b-cells generally inhibits insulin release (34, 35) , it is understandable that Rp-8-Br-cAMPS-pAB also inhibited GSIS from INS-1 832/13 cells (Fig. 3A  and B) . 
Cool-1/bPix Knockdown Studies for GSIS and Cdc42 Activation
It was reported that Cool-1/bPix is a GEF that mediates glucose-stimulated Cdc42 activation in MIN6 b-cells (9). Thus, Cool-1/bPix might link cAMP production and Epac2 activation to downstream activation of Cdc42. To address this issue, we used siRNA knockdown (KD) technology to deplete endogenous Cool-1/bPix in INS-1 832/13 cells treated with glucose or 8-pCPT-29-O-Me-cAMP-AM (Supplementary Fig. 8 ). These studies demonstrated reduced glucose-stimulated Cdc42 activation accompanied by reduced GSIS in cells depleted of Cool-1/bPix. However, Cdc42 activation by 8-pCPT-29-O-Me-cAMP-AM was not significantly reduced after the KD of Cool-1/bPix, although an inhibitory trend was noted. Potentiation of GSIS by 8-pCPT-29-O-Me-cAMP-AM was also unaffected by a KD of Cool-1/bPix. One interpretation of these findings is that Cool-1/bPix does not mediate the action of cAMP and Epac to activate Cdc42 and to potentiate GSIS. However, it should be noted that Cool-1/bPix protein levels were depleted by ;50% in these assays, and for this reason it remains possible that residual expression of Cool-1/bPix mediates the pharmacological actions of 8-pCPT-29-O-Me-cAMP-AM reported here. Clearly, a rationale exists to repeat such studies using islets of Cool-1/bPix knockout mice in which residual expression of Cool-1/bPix is not a complicating factor. Findings summarized above led us to hypothesize that an Epac activator would restore GSIS from T2D human islets by virtue of its ability to promote Cdc42-Pak1 activation. This was in fact the case since treatment with 8-pCPT-29-O-Me-cAMP-AM restored 20 mmol/L GSIS leading to an approximately twofold increase of insulin secretion (Fig. 8A) . Basal insulin secretion at 1 mmol/L glucose was not significantly altered relative to the PO 4 -AM 3 negative control (Fig.  8A) . Remarkably, in T2D islets, 8-pCPT-29-O-Me-cAMP-AM also restored glucose-stimulated Cdc42 activation (Fig. 8B ) and Pak1 phosphorylation (Fig. 8C and D) .
DISCUSSION
The primary goal of this study was to determine whether cAMP participates in signaling events that link b-cell glucose metabolism to Cdc42-Pak1 activation, F-actin remodeling, and insulin secretion. We also sought to determine whether some of these key signaling steps could be restored in T2D human islets after exposure to an Epacselective cAMP analog that we hypothesized would emulate the restorative action of GLP-1 in islet b-cells. Initially, we found that the cAMP antagonist Rp-8-Br-cAMPS-pAB suppressed glucose-stimulated Cdc42-Pak1 activation, while stabilizing F-actin and inhibiting GSIS in the absence of cAMP-elevating agents such as GLP-1. Such findings illuminate a previously unappreciated role for cAMP as a permissive factor, or possibly as a direct metabolic coupling factor, in support of glucose-stimulated Cdc42-Pak1 activation, F-actin remodeling, and GSIS. These actions of cAMP complement its previously established ability to participate in the control of b-cell K ATP channels, cytosolic Ca 2+ dynamics, and insulin exocytosis (21) . Currently, there is great interest to determine the sources of this cAMP and to identify which processes are under the control of PKA and/or Epac.
PKA was previously suggested to play a dominant role in the control of GSIS on the basis of studies using mice that harbored an activating mutation in a PKA catalytic subunit isoform (36) or had genetic deletion of a PKA regulatory subunit isoform (37) . However, we found that the Epac activator 8-pCPT-29-O-Me-cAMP-AM promoted Cdc42-Pak1 activation, whereas the PKA activator 6-BnzcAMP-AM was less effective. Since 8-pCPT-29-O-Me-cAM-P-AM potentiates GSIS (38, 39) , Epac may mediate an action of cAMP to enable glucose-stimulated Cdc42-Pak1 activation. Intriguingly, Epac2 knockout mice fed a highfat diet do not exhibit the compensatory upregulation of GSIS that is characteristic of wild-type mice fed the same high-fat diet (40, 41) . These in vivo findings are consistent with reports that Epac2 is expressed in b-cells (11) .
We found that Rp-8-Br-cAMPS-pAB reduced levels of Cdc42-GTP and p-Pak1 under conditions of stimulatory (20 mmol/L) but not basal (1 mmol/L) glucose. Rp-8-BrcAMPS-pAB also increased whole-cell F-actin content in INS-1 832/13 cells, as expected if it exerted a stabilizing effect to counteract glucose-stimulated and cAMP-dependent F-actin depolymerization. This stabilizing effect was present in cells exposed to stimulatory (20 mmol/L) or basal (1 mmol/L) glucose. Thus, unlike results obtained with the Cdc42-Pak1 assays, the F-actin-stabilizing effect of Rp-8-Br-cAMPS-pAB did not necessarily depend on metabolic signaling induced by stimulatory glucose. One possible explanation is that 1 mmol/L glucose supports low-level cAMP production, and therefore basal PKA activity. If so, Rp-8-Br-cAMPS-pAB might block basal F-actin remodeling that is supported by basal PKA activity and that is not contingent on Cdc42-Pak1 activation occurring at stimulatory concentrations of glucose, which might instead promote additional F-actin remodeling that is Epac2 dependent. Measurement of this basal PKA activity will require the targeting of biosensors to select subcellular compartments rather than the use of a globally expressed AKAR3.
In addition to Cdc42-Pak1, there are other key players in regulated exocytosis of insulin. These include the cytoskeletal regulatory proteins LIMK1, cofilin, N-WASP, and Arp2/3 that participate in F-actin remodeling (42) and that might be cAMP regulated. Importantly, the inhibitory actions of Rp-8-Br-cAMPS-AM reported here in assays of GSIS were not simply explained by a disruption of cytosolic Ca 2+ dynamics that normally trigger insulin exocytosis. In fact, we found that this cAMP antagonist increased intracellular Ca 2+ concentrations in INS-1 832/13 cells (Supplementary Fig. 9 ). This was an unanticipated finding because voltage-dependent Ca 2+ channels require permissive PKA activity in order to allow glucose-stimulated Ca 2+ influx. However, PKA activity also regulates other types of ion channels that control the membrane potential. For example, chronic inhibition of PKA may lead to K ATP channel closure (24) .
Taken as a whole, the results of our studies using Rp-8-Br-cAMPS-pAB indicate that the activation of Cdc42-Pak1 by stimulatory glucose requires cAMP and Epac2 signaling that is not present at basal glucose concentrations. In this regard, Epac2 might have a lower affinity for cAMP in comparison with PKA (26) . Thus, Epac2-mediated Cdc42 and/or Pak1 activation may depend on increased cAMP production at stimulatory glucose levels. This glucose dependence of Epac2 action is circumvented by pharmacological activation of Epac2 using 8-pCPT-29-O-Me-cAMP-AM. Thus, 8-pCPT-29-O-Me-cAMP-AM activated Cdc42-Pak1 in the presence of both 1 and 20 mmol/L glucose concentrations.
Although cAMP production stimulated by glucose is inhibited when tmAC activity is reduced (22-24) , speculation still exists that sAC also mediates glucose-stimulated cAMP production in b-cells (13) . Because sAC is stimulated by bicarbonate ion (HCO 3 2 ) (32), the coupling of glucose metabolism to sAC activation could occur if b-cell mitochondrial metabolism generates CO 2 that is converted to HCO 3 2 by carbonic anhydrase (13) . Furthermore, sAC is stimulated by Ca
2+
, an ionic coupling factor that might link glucose metabolism to cAMP production in b-cells (13) . For these reasons, it is surprising that LRE1, a new and specific sAC inhibitor (16), failed to inhibit GSIS from INS-1 832/13 cells and human islets. Thus, prior studies documenting defective GSIS in islets from global sAC knockout mice (32) were not corroborated in the current study by any action of LRE1 to inhibit GSIS from INS-1 832/13 cells or human islets. However, multiple isoforms of sAC exist as a consequence of alternative mRNA splicing (43) , and the exact isoform of sAC expressed in b-cells has not yet been identified. Clearly, there is a need to establish the molecular identity of the b-cell sAC, and to determine to what extent its activity is inhibited by LRE1.
Finally, perhaps the most striking aspect of the findings presented here is the capacity of 8-pCPT-29-O-Me-cAM-P-AM to restore GSIS in islets from humans with T2D.
Such findings hint at a potential defect of cAMP production and/or Epac2 activation as a contributing factor to insulin insufficiency in T2D. In this scenario, underactive cAMP/Epac2 signaling would predispose to defective GSIS, whereas a selective Epac activator would compensate for this defect by upregulating Epac2 activity. This hypothesis is consistent with the established role that Epac2 plays in multiple aspects of b-cell stimulus-secretion coupling (44, 45) . What remains to be demonstrated is whether GLP-1 receptor agonists used for the treatment of T2D exert their beneficial insulin secretagogue actions through the cAMP/Epac signaling pathways described here.
Conclusions
In summary, our findings provide new insight into processes of Cdc42-Pak1 activation and F-actin remodeling whereby secretory granules gain access to the plasma membrane for "docking" and "priming" events prior to exocytosis. This F-actin remodeling may also participate in cAMP-regulated "newcomer" exocytosis in which secretory 
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Veluthakal and Associatesgranules translocate to the plasma membrane for immediate exocytosis without pausing in a docked state (46) . It is noteworthy that Epac2 mediates GLP-1 activity to restore glucose-stimulated F-actin remodeling under conditions of b-cell glucotoxicity (47) . Similarly, GLP-1 signals through PKA to disassemble cytoskeletal stress fibers, promote actin depolymerization, and restore GSIS under conditions of glucotoxicity (48) . These studies are complemented by our new finding that the Epac activator 8-pCPT-29-O-Me-cAMP-AM restores Cdc42 activation and Pak1 phosphorylation in islets from humans with T2D. Thus, substantial opportunity exists for future studies to define which cAMP-binding proteins, cytoskeletal remodeling processes, and mechanisms of secretory granule translocation participate alone, or in combination, to stimulate insulin secretion.
